Background: We sought to disentangle the contributions of hyperthyrotropinemia (an indicator of thyroid dysfunction) (HTT) and intermittent or sustained systemic inflammation (ISSI) to structural and functional indicators of brain damage. Methods: We measured the concentrations of thyroidstimulating hormone (TSH) on day 14 and of 25 inflammation-related proteins in blood collected during the first 2 postnatal weeks from 786 infants born before the 28th week of gestation who were not considered to have hypothyroidism. We defined hyperthyrotropinemia (HTT) as a TSH concentration in the highest quartile for gestational age on postnatal day 14 and ISSI was defined as
Introduction
Thyroid hormones play important roles in brain development (1) , and early deficiency can result in brain damage (2) . It is unclear to what extent atypical neonatal thyroid hormone patterns that do not meet clinical criteria for the diagnosis of congenital hypothyroidism contribute to an elevated risk of brain injury.
Preterm newborns with elevated thyroid-stimulating hormone (TSH) levels (hyperthyrotropinemia) have, at times, appeared to be at increased risk of brain damage (3) (4) (5) , but not always (6) (7) (8) (9) (10) (11) (12) . These inconsistent findings, the apparent failure, so far, of thyroid hormone treatment to reduce the risk of brain damage (13) , and the potential confounding of thyroid hormone levels by inflammation (14) (15) (16) , raise the possibility that indicators of thyroid dysfunction may be an epiphenomenon (17) .
In the ELGAN study, elevated concentrations of TSH were associated with markers of systemic inflammation (Soto-Rivera et al., submitted for publication), while intermittent or sustained systemic inflammation (ISSI) was associated with findings of abnormal brain structure and function (18) (19) (20) . We reasoned that, if hyperthyrotropinemia (HTT) (defined as a TSH concentration in the highest quartile for gestational age on postnatal day 14) conveyed information about increased risks of brain damage only when we knew about the presence or absence of ISSI (defined as a concentration in the top quartile for gestational age and postnatal day of a specific inflammationrelated protein on 2 separate days a week apart during the first 2 postnatal weeks), then HTT and ISSI were probably both important and influenced each other's capacity to convey risk information or to damage the brain. In this report, we describe what we found when we assessed the association between hyperthyrotropinemia and multiple indicators of brain damage, in light of information about the presence or absence of ISSI.
Methods

The ELGAN study
The ELGAN study was designed to identify characteristics and exposures that increase the risk of structural and functional neurologic disorders in ELGANs (the acronym for Extremely Low Gestational Age Newborns) (21) . During the years 2002-2004, women delivering before 28 weeks of gestation at one of 14 participating institutions were asked to enroll in the study. The enrollment and consent processes were approved by the individual institutional review boards. Financial limitations constrained neonatal blood protein measurement to the 939 survivors who had a developmental evaluation at 24 months adjusted age. The sample for this report consisted of the 786 newborns who had protein measurements on protocol day 14.
Newborn variables
Most (62%) estimates of gestational age at birth were based on the dates of embryo retrieval, intrauterine insemination, or fetal ultrasound before the 14th week of gestation. Otherwise, reliance was placed sequentially on a fetal ultrasound at 14 or more weeks (29%), LMP without fetal ultrasound (7%), and gestational age recorded in the neonatal intensive care unit log (1%).
Blood spot collection
Drops of blood remaining from clinically obtained specimens were collected on filter paper on the 1st (range: 1-3 days), the 7th (range: 5-8 days), and the 14th postnatal day (range: 12-15 days), and stored at -70°C in sealed bags with desiccant until processed.
Protein measurement
Details about elution of the 25 inflammation-related proteins from blood spots and measurement of the proteins are provided elsewhere (22) . Validated by comparisons with traditional ELISA, this system has high content validity and inter-assay variations that are invariably < 20%.
The Laboratory of Genital Tract Biology of the Department of Obstetrics, Gynecology and Reproductive Biology at Brigham and Women's Hospital, Boston, measured the following 25 proteins using the Meso Scale Discovery (MSD) electrochemiluminescence system: interleukin-1beta (IL-1β), interleukin-6 (IL-6), interleukin-6 receptor (IL-6R), tumor necrosis factor-alpha (TNF-α), tumor necrosis factoralpha-receptor1 (TNF-R1), tumor necrosis factor-alpha-receptor2 (TNF-R2), interleukin-8 (IL-8) (CXCL8), monocyte chemotactic protein-1 (MCP-1) (CCL2), monocyte chemoattractant protein-4 (MCP-4) (CCL13), macrophage inflammatory protein-1beta (MIP-1β) (CCL4), RANTES [regulated upon activation, normal T-cell expressed, and (presumably) secreted] (CCL5), interferon-inducible T-cell alpha-chemoattractant (I-TAC) ( CXCL11), intercellular adhesion molecule-1 (ICAM-1) (CD54), intercellular adhesion molecule-3 (ICAM-3) (CD50), vascular cell adhesion molecule-1 (VCAM-1) (CD106), E-selectin (E-SEL) (CD62E), matrix metalloproteinase-1 (MMP-1), matrix metalloproteinase-9 (MMP-9), C-reactive protein (CRP), serum amyloid A (SAA), myeloperoxidase (MPO), vascular endothelial growth factor (VEGF), vascular endothelial growth factor-receptor1 (VEGF-R1), vascular endothelial growth factorreceptor2 (VEGF-R2), and insulin-like growth factor binding protein-1 (IGFBP-1). Measurements were made in duplicate, and the mean served as the basis for all tables and analyses. Measurements of each protein were normalized to milligrams of total protein. The 25 proteins were selected to provide as broad a representation as possible of cytokines, chemokines, adhesion molecules, metalloproteinases, and growth factors with accuracy and at reasonable cost using the platforms.
TSH was measured with an MSD prototype platform that had documented desirable levels of validity against a Scripps Laboratories standard and inter-assay variations below 20%.
Primary exposures
ISSI was defined separately using each inflammation-related protein as a concentration in the highest quartile for gestational age on 2 separate days a week apart during the first 2 postnatal weeks.
HTT was defined as a TSH concentration in the highest quartile on postnatal day 14 according to the interval of gestational age at delivery [ > 25 nano (international) units/mg total protein among infants born at 23-24 weeks, and above 33-34 nU/mg protein for infants > 25 weeks].
These two exposures were combined to form four mutually exclusive groups: (1) HTT only, (2) ISSI only, (3) HTT+ISSI, and (4) neither HTT nor ISSI.
Protocol ultrasound scans
Procedures for obtaining and reading ultrasound scans are described elsewhere (23) . Two independent readers had to agree on the presence of every lesion.
Twenty-four-month developmental assessment
Fully, 91% of surviving children returned for a developmental assessment at about 24 months of corrected age; 77% had their exam within the range of 23.5-27.9 months, which included both the Mental and Psychomotor Indices (MDI and PDI) of the Bayley Scales of Infant Development-Second Edition (24) and a neurologic assessment by examiners who demonstrated acceptably low inter-examiner variability (25) . Very low developmental indices were defined as a score below 55, which is 3 SDs below the expected mean. The topographic diagnosis of cerebral palsy (quadriparesis, diparesis, or hemiparesis) was based on an established algorithm (26) . All head circumferences were converted to Z-scores based on standards provided by the CDC (27) . The largest occipital-frontal circumference was measured to the nearest 0.1 cm. Microcephaly was defined as a head circumference Z-score < -2, which is 2 SDs below the expected mean.
Data analysis
Logistic regression models, which adjusted for gestational age category (i.e., 23-24, 25-26, and 27 weeks), were fit to estimate magnitudes of association [odds ratios (ORs) with 95% confidence intervals (CIs)] between HTT and each of eight indicators of brain damage, including ultrasound scan diagnoses of ventriculomegaly and a hypoechoic lesion, and at age 2 years, quadriparetic, diparetic, and hemiparetic cerebral palsy; very low mental and motor development indices; and microcephaly. When the 95% confidence intervals did not include 1.0, the odds ratios were statistically significant.
Twenty-five additional logistic regression models (one for each inflammation-associated protein) were fit for each of the eight brain damage indicators to evaluate the risks associated with HTT only, ISSI only, and the combination of HTT+ISSI. These exposures were compared in each model to the absence of both HTT and ISSI (i.e., children who did not have any of the three exposures included in each model) and included variables for the gestational age category.
Magnitudes of association between selected exposures and each cerebral palsy subtype were analogously fit using a multinomial 
Results
Newborns who had HTT were more likely than others to have a low birth weight and a low-birth-weight Z-score, but not a lower gestational age (reflecting the classification of quartiles of TSH concentrations within gestational age groups) ( Table 1 ). In univariable analyses, HTT was not significantly associated with any of the eight brain damage indicators. None of the study participants was diagnosed with congenital hypothyroidism.
In contrast, Figures 1-4 show that HTT was significantly associated with several indicators of brain damage when we considered the co-occurrence or absence of ISSI. Rather than discuss the many details of these figures, we focus on identifying which of the three patterns applies to each indicator of brain damage (summarized and presented in color in Table 2 ).
Ventriculomegaly
Children with HTT alone were not at increased risk of ventriculomegaly ( Figure 1A ). In contrast, those with ISSI alone (e.g., IL-1β, TNF-R1, VEGF-R1) (orange) and those with HTT+ISSI (e.g., CRP, IL-6, I-TAC, ICAM-1) (red) were. For TNF-α, IL-8, and MCP-1, two groups of children -those with ISSI alone and those with HTT+ISSI (orange and red) -were at increased risk of ventriculomegaly.
A hypoechoic lesion
Children with ISSI alone or with HTT+ISSI were not at risk of a hypoechoic lesion ( Figure 1B) . Children with HTT alone (green) in nine models with nonsignificant ISSI and nonsignificant HTT+ISSI were at significantly reduced risk of this lesion.
Quadriparetic cerebral palsy
Those with HTT only were at increased risk of quadriparesis in ten separate models with different inflammation-associated proteins (MPO, IL-1β, IL6-R, TNF-R1, TNF-R2, I-TAC, E-SEL, MMP-1, MMP-9, and VEGF-R1) that did not contribute risk information (yellow) (Figure 2A ). Children with HTT+ISSI (ISSI with IL-8) (red) were at increased risk of quadriparesis, as were two groups of children in the MCP-4 model -those with HTT only and those with ISSI only (yellow and orange).
Hemiparetic cerebral palsy
Children who had ISSI with inflammation-associated proteins (IL-8, MMP-9, ICAM-1, E-SEL, VEGF, and VEGF-R1) were at increased risk of hemiparesis (orange) ( Figure 2B ). Children with IL-6 ISSI (orange) and those with IL-6 HTT+ISSI (IL-6) (orange and red) were also at increased risk.
Diparetic cerebral palsy
By and large, children with HTT only, ISSI only, or HTT+ISSI were not at increased risk of diparetic cerebral palsy ( Figure 2C ).
Very low mental development index
Two patterns were most associated with increased risk of a mental development index < 55 ( Figure 3A) . Children who had HTT+ISSI with five inflammation-associated proteins (IL-1β, TNF-α, VCAM-1, E-SEL, and VEGF-R2) were at increased risk of a very low index (red). For five other proteins (CRP, SAA, IL-6, IL-8, and IGFBP-1) children with ISSI and, separately, children with HTT+ISSI were also at increased risk of a very low mental development index (orange and red).
Motor development index
Children with HTT+ISSI (in models with CRP, SAA, IL-6, TNF-α, and IGFBP-1) were at increased risk of a very low psychomotor development index (red) ( Figure 3B ).
Microcephaly
The risk of microcephaly was increased in children with HTT+ISSI with IL-6, TNF-α, TNF-R1, MCP-1, E-SEL, and IGFBP-1 (red) (Figure 4 ). For three inflammation-associated Figure 1 Odds ratios (and 95% confidence intervals) for ventriculomegaly (A) and hypoechoic lesion (B) calculated with logistic regression models. The three risk groups -ISSI (intermittent or sustained systemic inflammation) without HTT, HTT (relative hyperthyrotropinemia) without ISSI, and both ISSI and HTT -were each compared to the referent group that consisted of newborns with neither ISSI nor HTT. All logistic regression equations also included a variable for gestational age.
Figure 2
Odds ratio (and 95% confidence interval) of (A) quadriparesis, (B) diparesis, and (C) hemiparesis calculated with logistic regression models. The three risk groups -ISSI without HTT, relative HTT without ISSI, and both ISSI and HTT -were each compared to the referent group that consisted of newborns with neither ISSI nor HTT. All logistic regression equations also included a variable for gestational age. Missing values indicate an inability to estimate odds due to complete separation of outcomes among exposed and unexposed in light of the small sample size.
proteins (TNF-R2, IL-8, ICAM-1), children with ISSI and, separately, children with HTT+ISSI were also at increased risk of microcephaly (orange and red).
Discussion
Our two most important findings can be characterized as follows. First, HTT, when considered alone, did not convey information about increased risk of any of the structural and functional indicators of brain damage. Second, HTT was associated with elevated risk of multiple indicators of brain damage, but only when classified according to whether ISSI was present or absent. These two findings alone allow us to infer that risk of brain damage associated with HTT in very preterm newborns needs to be assessed in light of information about ISSI. They also lead to the inference that HTT and ISSI are probably influenced by each other's capacity to convey risk information or to damage the brain. They also raise the possibility that the failure to identify an association between indicators of thyroid dysfunction and neurodevelopmental outcomes in some studies of very preterm neonates (6-12) is attributable, at least in part, to the lack of consideration for ISSI.
The association of HTT alone with a lower frequency of hypoechoic lesions was unexpected. Taken together with the observation that isolated HTT was also associated with a nonsignificant reduction in risk of spastic diplegia in nearly 80% of protein-specific models, the possibility that HTT might protect against some forms of brain damage under some circumstances was considered.
Synthesis
We are not sure how HTT conveys information about brain damage risk or actually contributes to brain damage. One Figure 3 Odds ratio (and 95% confidence interval) of very low mental development index (A) and very low physical development index (B) calculated with logistic regression models. The three risk groups -ISSI without HTT, relative HTT without ISSI, and both ISSI and HTT -were each compared to the referent group that consisted of newborns with neither ISSI nor HTT. All logistic regression equations also included a variable for gestational age. (Note: Children who had quadriparetic cerebral palsy were not included in these analyses.) possibility is that HTT is a measure of low thyroid availability. Thyroid hormone advances the maturation of oligodendrocytes passed a period of vulnerability, perhaps thereby reducing the risk of brain damage (28) . In this scenario, HTT is a surrogate for thyroid deficiency. Since HTT has been linked to inflammatory phenomena both in adults (29, 30) and in neonates (Soto-Rivera et al., submitted for publication), it is possible that HTT is also a marker of inflammation severity.
Thyroid dysfunction is common in the setting of critical illness among newborns, children, and adults, a condition now referred to as nonthyroidal illness syndrome (15, 31) . Newborns with severe illness typically have reduced T4 and T3 concentrations, whereas TSH levels are largely unaffected (14, 32) .
Most studies of the relation between illness severity and thyroid hormone levels in children born preterm have focused on respiratory distress syndrome and sepsis (32) (33) (34) (35) . Blood levels of T4 are also lower on average in earlier compared to later preterm births and in newborns who had bacteremia, endotracheal bacterial cultures, persistent ductus arteriosus, or necrotizing enterocolitis (36) . Thyroid hormone levels in preterm newborns are especially low in those who have such markers of systemic inflammation, such as elevated serum concentrations of IL-6 and CRP (16) .
Another possibility is that HTT is an expression of immaturity/vulnerability. TSH concentrations tend to be higher in the lowest gestational age newborns. But not all babies born at 23-24 weeks are of similar maturation. In this situation, HTT adds information beyond gestational age about the immaturity/vulnerability of the newborn. This might reflect brain immaturity or the immaturity of systems that have the capability to protect the brain (37) .
We are unable to select one of these three possibilities as more plausible than the others. Indeed, we consider it possible that each is likely. Figure 4 Odds ratio (and 95% confidence interval) of 24-month head circumference Z-score < -2 (when those with a birth head circumference Z-score < -2 were excluded) calculated with logistic regression models. The three risk groups -ISSI without HTT, relative HTT without ISSI, and both ISSI and HTT -were each compared to the referent group that consisted of newborns with neither ISSI nor HTT. All logistic regression equations also included a variable for gestational age. All logistic regression equations also included a variable for gestational age. Table 2 We identified three patterns of increased risk of indicators of brain damage associated with HTT and ISSI. 
Strengths and limitations
Our study has several strengths. First, we included a large number of infants, providing power to perceive a doubling or halving of risk. Second, we enrolled infants based on gestational age and not on birth weight (38) . Third, we minimized observer variability as best we could. Fourth, our protein data were of high quality. Our major limitation is the lack of information about thyroxine levels at the time the TSH levels were determined. Consequently, we cannot separate the possibility of thyroxine deficiency from the less likely possibility that HTT has adverse effects. Four other potential limitations deserve identification. First, children had to survive until age 2 years and return for a developmental assessment to be included in this study. Consequently, children who died with brain damage were not included. To the extent that these children differed from survivors, the survivor requirement might have introduced bias. Second, this is an observational study, therefore limiting our ability to infer causation. Third, the measured proteins probably represented only a subset of those involved in the pathogenesis of perinatal brain damage. Fourth, in our desire to avoid the error of inappropriately drawing the inference that HTT has no effect, we did not adjust for multiple comparisons. This might have inappropriately increased the probability of identifying an HTT effect when none existed.
Conclusion
HTT in very preterm newborns was associated with increased risk of brain damage when modeled according to the absence or especially the presence of ISSI. HTT was also associated with lower risk of hypoechoic lesion in some models, but only in the absence of ISSI. Without information about thyroid function, we do not know how much of what we see represents unduly low thyroid hormone availability. We cannot identify to what extent the HTT represents inflammation, immaturity of neuroprotective systems, immaturity/vulnerability of the brain, or other reasons for these associations.
